Although management of warfarin is challenging for patients with chronic kidney disease (CKD), no prospective studies have compared response to warfarin among patients with minimal, moderate, and severe CKD. This secondary analysis of a prospective cohort of 578 patients evaluated the influence of kidney function on warfarin dosage, anticoagulation control, and risk for hemorrhagic complications. We adjusted all multivariable regression and proportional hazard analyses for clinical and genetic factors. Patients with severe CKD (estimated GFR Ͻ30 ml/min per 1.73 kg/m 2 ) required significantly lower warfarin dosages (P ϭ 0.0002), spent less time with their international normalized ratio within the target range (P ϭ 0.049), and were at a higher risk for overanticoagulation (international normalized ratio Ͼ4; P ϭ 0.052), compared with patients with no, mild, or moderate CKD. Patients with severe CKD had a risk for major hemorrhage more than double that of patients with lesser degrees of renal dysfunction (hazard ratio 2.4, 95% confidence interval 1.1 to 5.3). In conclusion, patients with reduced kidney function require lower dosages of warfarin, have poorer control of anticoagulation, and are at a higher risk for major hemorrhage. These observations suggest that warfarin may need to be initiated at a lower dosage and monitored more closely in patients with moderate or severe CKD compared with the general population. Diminished renal function may have implications for a larger proportion of warfarin users than previously estimated.
Despite its proven benefits, warfarin is frequently underused because of the complexity of clinical management and concerns about the risk for hemorrhagic complications. 1, 2 The intricacies of warfarin metabolism, the complexities of the coagulation system, and the multitude of factors affecting level of anticoagulation each pose significant challenges for optimal management in the general medical population. 3 These challenges are even greater among patients with chronic kidney disease (CKD) and ESRD 4 ; however, anticoagulation is typically prescribed and managed similarly in patients with CKD as in the general medical population.
Although limited, previous reports suggest that patients with reduced renal function may require lower warfarin dosages and have a higher incidence of overanticoagulation and underanticoagulation and a two-fold higher risk for major hemorrhage 5, 6 ; however, these estimates are derived predominantly from studies that have evaluated the risk for hemorrhage among dialysis patients prescribed warfarin for prevention of vascular access thrombosis. 6 The risks and benefits of long-term anticoagulation with warfarin are largely unknown in the CKD population. To our knowledge, no prospective studies have compared the risk for hemorrhage among patients with none/minimal, moderate, or severe decrease in kidney function.
There is recent evidence that genetic factors have a significant impact on warfarin response. Two genes, cytochrome P450 2C9 (CYP2C9) and vitamin K epoxide reductase complex 1 (VKORC1), have demonstrated a strong, consistent influence across various racial groups on warfarin dosage [7] [8] [9] [10] and hemorrhagic complications. 11, 12 This evidence provided the impetus for the recent warfarin package insert update (http://www.fda.gov/cder/drug/infopage/ warfarin/default.htm) by the US Food and Drug Administration. The influence of the interaction between CKD and genetic factors on warfarin response has not been reported. The secondary analysis of this prospective study evaluates the influence of reduced kidney function on warfarin dosage, anticoagulation control, and risk for hemorrhagic complications after adjustment for clinical and genetic factors in a racially diverse cohort.
RESULTS
Of the 621 eligible patients in the Pharmacogenetic Optimization of Anticoagulation Therapy (POAT) cohort, 43 (6.9%) declined participation in the study and 13 (2.1%) were excluded because of missing creatinine values. The remaining 565 participants (mean 61 Ϯ 16 yr, 51.1% male, 47.6% African American) were included in analysis for this study. Patients were categorized into three groups on the basis of GFR (Ն60 ml/min per 1.73 m 2 no/mild CKD; 30 to 59 ml/min per 1.73 m 2 moderate CKD; Ͻ30 ml/min per 1.73 m 2 severe CKD). The majority (59.5%) of the participants had no/mild CKD, 31.2% had moderate CKD, and 9.4% had severe CKD (Table  1) . Forty-seven of the 53 participants with severe CKD were on dialysis. Patients with severe CKD were younger (P Ͻ 0.0001) and were more likely to be African American (P Ͻ 0.0001), be female (P ϭ 0.005), have medical insurance (P ϭ 0.002), have higher comorbidity (P Ͻ 0.0001), have venous thromboembolism (P ϭ 0.007), and have low annual income (P ϭ 0.005) and shorter duration of warfarin therapy (P ϭ 0.001). There were no significant differences in body mass index (BMI), use of concurrent medications, or distribution of CYP2C9 and VKORC1 genotypes across CKD groups.
As reported previously, European Americans had a higher frequency of variant CYP2C9 (33.1%), VKORC1 1173 (60.4%) genotype as compared with African Americans (11.6 and 20.1%, respectively; P Ͻ 0.0001). 9 Genotype distributions for CYP2C9 and VKORC1 were in Hardy-Weinberg equilibrium among European Americans (all P Ͼ 0.5) and African Americans (all P Ͼ 0.25).
After adjustment for clinical and genetic factors, the patients with severe CKD had significantly lower warfarin dosage requirements compared with those with no/mild and moderate CKD (P ϭ 0.0002). This finding remained significant after stratification by genotype and adjustment for clinical factors. Thus, a lower GFR was associated with lower warfarin dosage within each CYP2C9 and VKORC1 genotype (Table 2, Figure 1) .
Lower GFR was associated with poorer anticoagulation control as assessed by the proportion of out-of-range international normalized ratios (INRs) in both univariate and multivariable analyses. Specifically, patients with severe CKD spent less time in target INR range and had more INRs Ͼ3 as compared with patients with no/mild or moderate CKD (Table 3) .
Overanticoagulation (INR Ͼ4) was more frequently encountered among patients with severe CKD, as compared with patients with moderate CKD (incidence rate ratio [IRR] 1.8, 95% confidence interval [CI] 1.4 to 2.3; P Ͻ 0.0001). Likewise, patients with moderate CKD had a higher incidence of overanticoagulation as compared with those with no/mild CKD (IRR 1.20; 95% CI 1.10 to 1.46; P ϭ 0.007; Table 4 ). The risk for overanticoagulation was higher among patients with severe CKD after adjustment for clinical and genetic factors (P ϭ 0.052; Table 5 ).
The overall incidence of major hemorrhage was 8.4 (95% CI 6.5 to 10.7) per 100 patient-years. Patients with severe CKD had higher incidence of major hemorrhage (Table 4) as compared with those with moderate CKD (IRR 3.7; 95% CI 1.8 to 7.2; P ϭ 0.0003) and those with no/mild CKD (IRR 4.9; 95% CI 2.6 to 9.1; P Ͻ 0.0001). The incidence of major hemorrhage was not significantly different among patients with moderate CKD compared with those with no/mild CKD (IRR 1.30; 95% CI 0.74 to 2.40; P ϭ 0.31). Severe CKD was associated with a two-fold higher risk for major hemorrhage (P ϭ 0.027) after adjustment for clinical and genotypic variables and correction for dependence (Table 5, Figure 2A ).
Patients with severe CKD also had higher incidence of minor hemorrhage (Table 4) , as compared with those with moderate CKD (IRR 3.2; 95% CI 2.3 to 4.6; P Ͻ 0.0001) and those with no/mild CKD (IRR 3.3; 95% CI 2.4 to 4.6; P Ͻ 0.0001). The incidence of minor hemorrhage did not differ between patients with no/mild CKD and those with moderate CKD (IRR 1.03; 95% CI 0.78 to 1.35; P ϭ 0.82). Severe CKD was associated with a two-fold higher risk for minor hemorrhage (P ϭ 0.004) after adjustment for clinical and genotypic variables and correction for dependence (Table 5 ; Figure 2B ). Recognizing that access-related minor bleeding after dialysis may contribute to this increased risk, we reevaluated the association of CKD and minor hemorrhage after excluding access-related minor bleeding events. Although patients with severe CKD still demonstrated a 50% increase in risk for minor hemorrhage after exclusion of access-related events, this finding was no longer statistically significant (hazard ratio [HR] 1.54; 95% CI 0.78 to 3.03; P ϭ 0.21). 
DISCUSSION
To our knowledge, this is the first prospective study to demonstrate the influence of reduced kidney function on warfarin dosage, anticoagulation control, and risk for hemorrhage after accounting for clinical and genetic factors. Unlike previous reports that focused solely on patients with ESRD and hemodialysis patients, the inclusion of warfarin users with no/mild, moderate, and severe decrease in kidney function highlights the generalizability of these results. There is abundant evidence that CKD and ESRD alter drug disposition by reducing systemic clearance of drugs with significant renal excretion. Less appreciated is that CKD can significantly reduce nonrenal clearance and alter the bioavailability of drugs predominantly metabolized by the liver. 13 Animal studies in CKD have shown a significant downregulation (40 to 85%) of hepatic cytochrome P-450 metabolism. 14, 15 This is corroborated by clinical data demonstrating significant alterations in nonrenal clearance in CKD for a number of drugs. Dreisbach et al. 5 demonstrated a 50% increase in the plasma warfarin S/R ratio among patients with ESRD relative to control subjects, perhaps reflecting a selective decrease in hepatic CYP2C9 activity in renal failure. Although this suggests that patients with reduced kidney function may require lower warfarin dosages, this association has not been documented. Herein, we demonstrate that patients with reduced kidney function maintained therapeutic anticoagulation (INR 2 to 3) with lower warfarin dosages independent of CYP2C9 and VKORC1 genotype after accounting for clinical factors. This suggests that warfarin may need to be initiated at a lower dosage in patients with moderate or severe decrease in kidney function, as compared with those with relatively normal kidney function.
It has been suggested that patients with reduced renal function may have a higher incidence of overanticoagulation and underanticoagulation. Moreover, the consequences of poor anticoagulation control may be more drastic in these vulnerable patients. 3, 16 In our study, despite the lower warfarin dosage and follow-up in an anticoagulation clinic, patients with reduced kidney function had worse anticoagulation control (lower proportion of INRs in target range) after accounting for clinical and genetic factors and after adjustment for the frequency of clinic visits. Reduced renal function was associated with a higher incidence of overanticoagulation (INR Ͼ4). Thus, this subgroup of patients Patients with severe CKD and ESRD also have an increased risk for hemorrhagic complications. 6, 16 Three retrospective studies and one observational cohort study of hemodialysis patients receiving high-intensity anticoagulation documented a frequency of bleeding events ranging between 0.10 and 0.54 per patient-year. [17] [18] [19] [20] Two additional prospective studies of dialysis patients receiving low-intensity anticoagulation observed a bleeding frequency of 0.0 to 0.2 events per year 21, 22 ; however, these estimates were derived from studies comparing hemorrhagic risk among warfarin users and warfarin nonusers who had ESRD and were on dialysis. The use of warfarin for prevention of vascular access thrombosis and the varying intensity of anticoagulation prescribed make generalizability of these findings to the general medical population tenuous.
To our knowledge, the incidence of and risk for hemorrhagic complications among warfarin users with varying degrees of kidney function is not documented. We present results of our analyses of the kidney function hemorrhage association before adjustment for clinical factors, after adjustment for clinical factors, and after adjustment for clinical and genetic factors. Although the analyses restricted to the first event have been widely published, they ignore repeated events within the same patient (if warfarin was not discontinued). This could potentially bias an exposure-outcome association (in either direction) because all of the observed data/outcomes are not used; therefore, we present results of analyses restricted to the first hemorrhagic event and of analyses that allow multiple events per patient correcting for dependence using robust variance estimation. This level of detail is provided to facilitate comparisons with previous studies that may not have adjusted the analyses for clinical or genetic (CYP2C9, VKORC1) factors, may have restricted to analyses of the first event, or may have 36 Among patients with variant CYP2C9 genotype, nine major hemorrhages occurred in patients with *1/*3, eight in *1/*2, one in *2/*3, and one in *5/*6. Five patients with GFR Ն60, two patients with GFR 30 to 59, and three patients with GFR Ͻ30 had a second major hemorrhagic event.
ignored the dependence between repeat events within the same patient. As reported previously, 12 the risk for hemorrhage was higher among patients with variant CYP2C9 genotype (HR 3.1; 95% CI 1.5 to 6.3; P ϭ 0.002) but not among those with variant VKORC1 1173 genotype (HR 0.95; 95% CI 0.48 to 1.85; P ϭ 0.87).
Our findings indicate that severe CKD is associated with a higher risk for major hemorrhage. Although severe CKD was also associated with a higher risk for minor hemorrhage, the excess risk was likely driven by access-related minor bleeding after dialysis. The risk for hemorrhagic complications from this and previous studies of dialysis patients may have important clinical implications. [23] [24] [25] First, these results suggest that simply extrapolating the results of anticoagulation trials performed with patients with normal kidney function to dialysis patients may not be appropriate, because it assumes that the benefits of and risks for anticoagulation are comparable in both patient subgroups. Second, if the risk of hemorrhage is 36 All major hemorrhagic complications were adjudicated by the director of the Anticoagulation Clinic, who was blinded to genotype. Five patients with GFR Ն60, two patients with GFR 30 to 59, and three patients with GFR Ͻ30 had a second major hemorrhagic event. e Minor hemorrhagic complications included mild nosebleeds (lasting Ͻ30 min), microscopic hematuria, mild bruising, and mild access-related bleeding.
higher in dialysis patients, then the net benefit of chronic anticoagulation therapy may not be as obvious in this patient population. Although severe CKD has been associated with a higher risk for major hemorrhage, it is important to recognize there are limited data on its effectiveness in preventing recurrent systemic thromboembolism in this subgroup; therefore, we hesitate to recommend the use of renal function in making treatment decisions; "treat or withhold warfarin." We need to understand the thromboembolic risk associated with withholding of warfarin therapy in patients with severe CKD. Perhaps ongoing and future research efforts evaluating both thromboembolic and hemorrhagic events will facilitate a more robust assessment of risk estimates. These risk estimates in turn will enable clinical decision making in this unique and medically challenging patient population.
These findings add fuel to the debate regarding the use of warfarin among patients with ESRD. 23, 24 Although the use of warfarin in prevention of vascular access thrombosis has fallen out of favor, recently, the debate has shifted to focus on warfarin use for other accepted indications, such as atrial fibrillation. 4, 20, 23, 25, 26 At the crux of this debate is the realization that the risk-benefit of warfarin therapy for a patient with normal renal function cannot be extrapolated to patients with severe CKD. Certainly, the observations in this study highlight the need for larger studies to evaluate the riskbenefit of long-term warfarin therapy in patients with reduced kidney function, particularly those who are on dialysis.
This racially diverse cohort is representative of the aging population of warfarin users. Forty percent of participants in this study had reduced renal function (estimated GFR Ͻ60 ml/min per 1.73 m 2 ). These findings highlight that diminished renal function may have implications for a larger proportion of warfarin users than previously estimated.
CONCISE METHODS
The POAT is an ongoing prospective cohort study aimed at defining the influence of polymorphisms in CYP2C9 and other genes on warfarin response during a 2-yr follow-up period. 9 
Inclusion and Exclusion
Patients Ն20 yr of age were considered eligible when the intended duration of anticoagulation therapy was Ն2 yr, therapy was managed at the anticoagulation clinic, and the target INR range was 2 to 3. Patients with higher target INR (range 2.5 to 3.5) were excluded. The study was conducted under the approval of the institutional review boards of the University of Alabama at Birmingham and Jefferson County Health System.
Data Collection
A detailed history documented information including self-reported race, patient demographics, education, income, medical insurance, height and weight, blood urea nitrogen, serum creatinine, hemoglobin and hematocrit, indication for therapy, comorbid conditions, medications, smoking, alcohol use, vitamin K intake, and physical activity as detailed in recent publications. 9,12,27,28 CLINICAL RESEARCH www.jasn.org All patients were followed monthly for up to 2 yr from initiation of therapy. Factors influencing warfarin response were recorded at each visit, including warfarin dosage, INR, concurrent medications, dietary vitamin K intake (number of servings of foods rich in vitamin K consumed per week), 29 alcohol intake, and compliance. Changes in concomitant medications such as nonsteroidal anti-inflammatory drugs or antiplatelet agents or drugs that alter warfarin pharmacokinetics, including CYP2C9 inhibitors (e.g., amiodarone), CYP2C9 inducers (e.g., rifampin), or CYP2C9 substrates (e.g., losartan) 30, 31 were documented at each visit.
GFR was estimated by using the four- 
Statistical Analysis
ANOVA was used to assess group differences for continuous variables and 2 test of independence for categorical variables. The assumption of Hardy-Weinberg equilibrium was tested using the 2 test of independence, and exact statistics were obtained using a Markov Chain Monte Carlo algorithm. 33 Warfarin dosage was defined as the average maintenance dosage required to maintain therapeutic anticoagulation for the duration of therapy. Because the distribution of dosage was marginally skewed, log transformation was done to attain normality. Multivariable regression analysis was used to assess the influence of renal function, CYP2C9, VKORC1 genotype on log-transformed dosage after adjustment for age, gender, BMI, smoking status, level of physical activity, alcohol intake, vitamin K intake, comorbid conditions, and drug interactions.
To assess anticoagulation control, we calculated the proportion of INRs in target range by dividing the number of INRs within range by the total number of INRs for each patient. Computation of this measure encompassed the period of time from attainment of first target INR until the end of the follow-up period. Multivariable regression analysis was conducted to assess the influence of renal function on proportion of INRs in target range after adjustment for clinical and genetic factors and frequency of measurements/unobserved heterogeneity.
Accounting for Frequency of Measurements and Unobserved Heterogeneity
In any given patient, INR fluctuates over time in response to medication or dietary changes. Moreover, as the interval between INR measurements decreases, the variation in INR decreases 34 ; therefore, by default, patients who are evaluated more often may tend to have lower variation (heterogeneity) in the INR and a higher proportion of INRs in target range. 35 To capture the potential influence of such factors, we computed a patient-specific variance growth rate (V score ), a cumulative measure of time-weighted variance of the INR for each time interval (between visits) as proposed by Fihn et al., 36 with minor modification. 9 This measure adjusts for the influence of the frequency of visits and the interval between visits on anticoagulation control for each patient.
2 ϭ 1 n Ϫ 1 i ϭ 1 n Ϫ 1 ͑INR i Ϫ 2.5͒ 2 i 2 ϭ variance growth rate (V score ) n ϭ number of visits (n Ϫ 1 will compute the V score up to the preceding visit) i ϭ duration in weeks since preceding clinic visit (INR measurement)
INR i ϭ INR at the ith visit Modified from Fihn et al. 36 To assess the risk for overanticoagulation (INR Ͼ4) and hemorrhagic events, we obtained the HRs and 95% CIs using the counting process format in the proportional hazard (PH) model. 37, 38 This format allows individuals to contribute more than one event. Valid CIs were obtained by correction of dependence using robust variance estimation. Departures from the PH assumption were assessed by evaluating interactions of the predictors and a function of survival time. All analyses were performed using SAS 9.1 (SAS Institute, Cary, NC) at a nondirectional ␣ level of 0.05.
Classification of Events
The review of complications included objective documentation of complication site (e.g., endoscopy of gastrointestinal tract), gravity of the event (e.g., requiring transfusion, surgical intervention), and laboratory findings (e.g., INR, hemoglobin/hematocrit) at the time of the event. Isolated subtherapeutic or supratherapeutic INRs in the absence of evidence of bleeding were not classified as events.
Hemorrhagic complications were classified using the scheme detailed by Fihn et al. 36 Minor hemorrhages included mild nosebleeds, microscopic hematuria, mild bruising, and mild hemorrhoidal bleeding. Among patients with ESRD, oozing/bleeding from the vascular access site after dialysis were considered minor bleeding events. Major hemorrhages included serious, life-threatening and fatal bleeding episodes. If the severity of the bleed warranted discontinuation of warfarin, then the patient data were censored at that time point.
Patient Follow-up, Event Documentation, Verification, and Adjudication
During the 2-yr follow-up, all major hemorrhagic complications were captured and verified through review of admissions and emergency department visits, and minor hemorrhages were obtained by patient self-report. Only medically documented events were included in the analyses. The Alabama Center for Health Statistics was queried to verify cause of death for all deceased to ensure inclusion of deaths as a result of hemorrhagic complications. All complications were documented by the study nurse, confirmed by the principal investigator, and finally reviewed independently by the medical director of the Anticoagulation Clinic. Genotype information was maintained separately until data analysis.
